Spin electronics (spintronics) exploits the magnetic nature of electrons, and this principle is commercially applied in, for example, the spin valves of disk-drive read heads. There is currently widespread interest in developing new types of spintronic devices based on industrially relevant semiconductors, in which a spin-polarized current flows through a lateral channel between a spin-polarized source and drain 1,2 . However, the transformation of spin information into large electrical signals is limited by spin relaxation, so that the magnetoresistive signals are below 1% (ref.
Spin electronics (spintronics) exploits the magnetic nature of electrons, and this principle is commercially applied in, for example, the spin valves of disk-drive read heads. There is currently widespread interest in developing new types of spintronic devices based on industrially relevant semiconductors, in which a spin-polarized current flows through a lateral channel between a spin-polarized source and drain 1, 2 . However, the transformation of spin information into large electrical signals is limited by spin relaxation, so that the magnetoresistive signals are below 1% (ref.
2). Here we report large magnetoresistance effects (61% at 5 K), which correspond to large output signals (65 mV), in devices where the non-magnetic channel is a multiwall carbon nanotube that spans a 1.5 mm gap between epitaxial electrodes of the highly spin polarized 3, 4 manganite La 0.7 Sr 0.3 MnO 3 . This spintronic system combines a number of favourable properties that enable this performance; the long spin lifetime in nanotubes due to the small spin-orbit coupling of carbon; the high Fermi velocity in nanotubes that limits the carrier dwell time; the high spin polarization in the manganite electrodes, which remains high right up to the manganite-nanotube interface; and the resistance of the interfacial barrier for spin injection. We support these conclusions regarding the interface using density functional theory calculations. The success of our experiments with such chemically and geometrically different materials should inspire new avenues in materials selection for future spintronics applications.
We show how carbon nanotubes (CNTs) can solve a long-standing spintronics challenge-namely, the injection of spins into a nonmagnetic material and the subsequent transformation of the spin information into a large electrical signal. This challenge began in 1990 with the introduction 5 of the spin-transistor concept. The idea is to use a gate voltage to manipulate spins injected into a semiconductor channel between ferromagnetic contacts. In all spin-transistor concepts based on similar structures 1,2 , the prerequisite is a significant magnetoresistance (MR 5 DR/R P ) of the order of unity or larger, where DR 5 R AP 2R P is the resistance change when a magnetic field alters the relative orientation of the magnetizations of source and drain electrodes between antiparallel (AP) and parallel (P). Experimental MR values 2 have been limited to ,0.1-1%. Here we show why replacing the semiconductor channel with a CNT permits a value of MR 5 61%, and thus a significant voltage change of 65 mV.
CNTs are robust, easy to manipulate, and have been successfully used 6 in proof-of-principle field-effect transistors, quantum dots and logic gates. For spintronics, the weak spin-orbit coupling permits a long spin lifetime. Here we also exploit the large 7 CNT Fermi velocity v F , related to the zero bandgap character of the electronic structure and the resulting linear dispersion 6 . However, it is far from obvious whether spin information can survive long-distance transport, given the likelihood of defects and contamination.
Our study of CNTs with ferromagnetic electrodes represents a fusion of molecular 8 and spin electronics 1 , that is, molecular spintronics. In this nascent field, MR effects are typically confined to low temperatures in devices based on octanethiol 9 , C 60 (ref. 10) or CNTs [11] [12] [13] [14] . These CNT devices used electrodes made of cobalt 11, 14 , Pd-Ni (ref. 12) or GaMnAs (ref. 13) , and MR effects were studied at low biases and temperatures. The MR is generally small (,10%), and inversions of sign, either from sample to sample, or as a function of voltage [11] [12] [13] [14] , are related to Coulomb blockade and level quantization. We avoid these effects by measuring MR up to 120 K, and under biases exceeding 25 mV. This voltage is sufficient, given that the Coulomb blockade energy 7 for similar CNTs with albeit different contacts is ,0.1 meV, and given also a level spacing of hv F /2L < 0.8 meV for an undoped metallic tube of length L 5 2 mm with v F 5 0.8 3 10 6 m s 21 (ref. 7) . High-bias MR measurements are possible because naturally occurring tunnel barriers at each electrode-CNT interface limit the current and thus unwanted heating, and significant because unlike MR values alone they represent large output signals.
In this Letter, we present devices ( Fig. 1 and Methods) in which epitaxial electrodes of the pseudo-cubic perovskite manganite La 0.7 Sr 0.3 MnO 3 (LSMO) are electrically connected by a single multiwall CNT, which lies on top of the electrodes-in contrast to standard nanotube device geometries 6 . At low temperatures, the conduction in LSMO exhibits a very high spin polarization 3, 4 approaching 100%, whereas the figure for elemental ferromagnets 15 is ,40%. Moreover, as LSMO is an oxide, it displays environmental stability, so molecules may be introduced ex situ. However, it is not a priori known whether spin information can be efficiently transmitted between two materials that possess very different geometries and chemistries.
Similar and reproducible zero-field current-voltage (I-V) characteristics ( Supplementary Fig. S1 ) were seen in 12 devices. Four of these show the large MR effects discussed later, and the other eight show no MR effects. Our CNT-LSMO interfaces behave like tunnel junctions in two respects: first, the I(V) curves are strongly nonlinear; and second, the low-bias (25 mV), low-temperature (5 K) resistance V/I 5 10-100 MV of our 12 devices is 3-4 orders of magnitude larger than the inverse of the quantum conductance e 2 /h typically seen 12, 14, 16 for nanotubes between standard metallic electrodes (,13 kV). Note that tunnel barriers are generally found at the interfaces between LSMO and metals 17 . However, the interfacial resistance of our devices 18 is not unduly high, and falls within the wide range of values 17 associated with metal-LSMO contacts.
The observed tunnel barriers may be understood through firstprinciples calculations (Methods) of the electronic structure of an LSMO-CNT interface. The CNT is not significantly altered when contacted by LSMO ( Fig. 2a ), suggesting that the barrier is localized at the interface, and that our experiments may be insensitive to CNT type and orientation. The Kohn-Sham potential 19 -the simplest estimate of the local energy of a tunnelling electron-shows a barrier ( Fig. 2 inset) whose height somewhat exceeds the characteristic CNT kinetic energy (as estimated by the inverse density of states). This is a prerequisite for a tunnel barrier, although the ratio of height to kinetic energy suggests a decay length not much smaller than the barrier width itself, and therefore a relatively high transmission probability. Note that our first-principles calculations also help explain the large MR, because they indicate (Fig. 2b ) that the LSMO surface is highly spin polarized despite a pronounced interfacial state ,0.2 eV below the Fermi level.
Our main result is the observation of a large device MR value of 61% ( Fig. 3 ) that arises because of sharp and irreversible switching of the LSMO electrode magnetizations between parallel and antiparallel. Three other working devices showed values of 54%, 72% and 53% (Supplementary Information). These four MR values are much higher than the values generally observed [11] [12] [13] [14] with CNTs between other ferromagnetic contacts (,10%). We now discuss why the use of a CNT in place of a standard semiconductor permits the large MR.
The MR of a structure composed of a conduction channel connected to a ferromagnetic source and drain through spin-dependent interface resistances (for example, a tunnel junction) can be expressed 20, 21 as:
where c is the electrode spin polarization, or more formally the interfacial spin-asymmetry coefficient that influences the spin-dependent interface resistance r :
is the mean value of the spin-independent interface resistance, t sf is the spin lifetime and t n is the dwell time of the electrons in the channel: L is the channel length, v N is the mean electron velocity in the channel (here, v F for the CNT), and t t r is the mean interfacial transmission coefficient that we estimate later via r Ã b . Equations (1) and (2) hold for ballistic transmission from source to drain, and also for diffusive transport when r Ã b is sufficiently large 20,21 , as we have here. Equation (1) shows that MR is controlled by two factors: trivially c, and critically t n /t sf . If this ratio were large, the MR would tend to zero, whatever c. From equation (2), we can express this ratio as:
From equation (1), c and t n /t sf cannot both be extracted from the MR alone (61% at 5 K, 25 mV), but we necessarily have c $ 0.62 as the denominator cannot be smaller than unity. It is possible that c 5 1 for half-metallic LSMO, but interfacial imperfections lead to smaller values. The maximum value observed in epitaxial magnetic tunnel junctions 4 with LSMO is 0.95. Here we propose a tentative scenario assuming a reasonable value of c 5 0.8, which gives t n /t sf < 2.
To estimate t sf , we obtain t n from equation (2), with L 5 2 mm, v N 5 v F 5 0.8 3 10 6 m s 21 (ref. 7) and t t r <0:9 | 10 {4 estimated from r Ã b using the Landauer equation:
where the assumption of two spin-degenerate conduction channels in deriving this equation is realistic 7 even for a multiwall CNT. As r Ã b dominates device resistance R, we take r Ã b 5 R/2 < 75 MV. The above yields t n < 60 ns, and thus t sf < 30 ns. This value is reasonable given the very weak spin-orbit coupling of carbon, and should also apply to other carbon-based molecules. The corresponding spin diffusion length is l sf~ffi ffiffiffiffiffiffiffiffiffiffiffiffi v F t sf l p <50 mm, assuming a CNT mean free path 7 of l < 100 nm.
Equivalent calculations with the best value 4 of c < 0.95 would reduce t sf by a factor of 7 and shorten l sf by a factor of 2.7. Alternatively, if hole-doping activates 10 rather than 4 CNT channels, t sf would increase by a factor of 2.5 and l sf would increase by a factor of 1.6. If both scenarios are active, then clearly the former would outcompete the latter.
Purely metallic structures like magnetic multilayers have the advantage of a large carrier velocity and a large t t r < 1, but t sf is very short so that a large DR/R can be obtained only when L is short-for example, in current-perpendicular-to-the-plane giant magnetoresistance. The long L in a lateral structure forces DR/R to become small, for example 1 , ,5%. When the interfaces are tunnel junctions, in lateral structures suitable for gating, the concomitant reduction of t t r leads to an even smaller DR/R (for example 22 , ,10 24 ).
Semiconductors have the advantage of a long 1 t sf , but the mean velocity v N is small. For example, n-type GaAs (carrier density 10 17 cm 23 ) has a long low-temperature conduction-band spin lifetime of several nanoseconds, but the mean velocity along a channel axis is ,3 3 10 4 m s 21 , compared to 10 6 m s 21 in metals or CNTs. Moreover, semiconductor channels require a small t t r for efficient spin injection from metals [23] [24] [25] [26] . The MR , 1% of lateral semiconductor structures 2 may be increased to ,40% using a small L < 5-10 nm in vertical structures 27 , but these are unsuitable for gating.
The advantage of CNTs is that they combine the long t sf of semiconductors with the large 7 v F of metals. This permits our large MR, despite the long L 5 2 mm and the small t t r . In fact, a small t t r is necessary here to limit current at high bias. Working at high bias not only avoids Coulomb blockade and level quantization effects, but is in addition a prerequisite for achieving large output signals.
The bias dependence of the 5 K MR (Fig. 4) is reminiscent of LSMO tunnel junctions 28 , but we cannot rule out the possible role of CNT energy bands here. Above the (unresolved) classical zero-bias anomaly, there is a plateau out to V < 110 mV, and then a steep decrease. The persistence of this plateau to ,110 mV permits the associated output signal (that is, the voltage difference between the parallel and antiparallel configurations for the same current) to increase from V 3 MR 5 15 mV at a bias of 25 mV, up to 65 mV at a bias of 110 mV. This figure of 65 mV falls in a suitable range for applications.
Device MR falls with increasing temperature (Fig. 4 ), but the field dependence is qualitatively unchanged. Our MR persists to 120 K, which, although well below room temperature, is a significant improvement on previous molecular spintronics devices [9] [10] [11] [12] [13] [14] . This loss of performance well below the 365 K Curie temperature of bulk LSMO is probably associated with the well known thermal suppression of spin polarization 3 . A similar fall-off in performance in LSMO tunnel junctions 28 is attributed to a reduced interfacial Curie temperature arising from charge transfer or loss of bulk symmetry. Replacing LSMO with a high-Curie-temperature metal such as Co could solve this problem, but previous results [11] [12] [13] [14] were limited by interfacial resistances (,1 MV) two orders of magnitude smaller than r Ã b , suggesting the need for tunnel barriers (for example, thin In Supplementary Information, we show similar MR data for three other working devices. One of these three devices was fabricated with silica between the manganite electrodes to prevent the possibility of the CNT sagging. For another of these three devices, data were collected from a single field sweep. insulating layers) in order to limit the potentially destructive effect of current at biases sufficient to (1) avoid Coulomb blockade and level quantization effects, and (2) achieve large electrical signals.
Our work forms part of the nascent molecular spintronics approach in which it is possible to manipulate spin-polarized electrons in novel environments. However, the weak spin-orbit coupling in carbon precludes the electrically driven magnetic reversal of spins in a CNT-based spin transistor of the type described in ref. 5 . Instead, spin precession induced by the local magnetic field from a ferromagnetic gate, that is, the Hänle effect 1 , could be used to flip spins in a CNT. Given that the precession angle induced by a transverse field B during time t is 2m B B t=B, our value of t n (,60 ns) suggests that the application of a modest 10 mT field to a small fraction of the length of a CNT (a few tenths of micrometres) would be sufficient to reverse the spin polarization between injection and detection. Note that here we cannot rule out the possibility that weak components of stray field from our LSMO electrodes reduce the MR values that we present. In future, one might seek non-magnetic channels with intermediate levels of spin-orbit coupling in order to permit spin manipulation by the electric field of a gate without unduly reducing the spin lifetime and the output signals.
METHODS
Experimental. Epitaxial LSMO thin films were grown on closely lattice matched orthorhombic NdGaO 3 (001) substrates by pulsed laser deposition with a KrF excimer laser (248 nm, 1 Hz, 2.5 J cm 22 , 775 uC, 15 Pa O 2 , target-substrate distance 5 8 cm). The films display step-terrace growth, and possess in-plane uniaxial magnetocrystalline anisotropy in the orthorhombic [100] direction. Below 360 K the films are ferromagnetic (3.6 m B per Mn at 10 K), and on cooling the resistivity decreases to ,60 mV cm at 10 K. Using conventional photolithography, electrode tracks (widths 1-4 mm, separation 1.5 mm) were defined perpendicular to [100], so that their magnetizations could be switched independently by an external magnetic field. Multiwall CNTs of diameter ,20 nm grown by arc-discharge (Iljin Nanotech) were subsequently dispersed from a 1,2dicloroethane solution. A scanning electron microscope was used to confirm the presence of a single nanotube running between adjacent electrically connected electrodes. Electrical measurements of interest were made using a Keithley source meter in constant voltage mode. Theoretical. First-principles electronic-structure calculations were performed within the density-functional-theory (DFT) framework 19 in the spin-polarized generalized-gradient approximation, using the SIESTA method 29 . Further details on the performance of the method for LSMO can be found elsewhere 30 . The MnO 2 -terminated (001) surface of LSMO was described by a 23-layer slab of LSMO, in which one third of the La atoms where replaced 30 by Sr. A (6,6) singlewall CNT was put onto the LSMO surface in a commensurate arrangement in which three unit cells of the CNT were laid along the (100) direction on a 4 3 2 lateral supercell of LSMO. The mismatch strain is 5%. The atomic positions of the CNT on the previously relaxed surface were obtained by minimizing the mutual DFT forces. Even though experiments were performed on multiwall nanotubes, which are arguably better described in the graphitic limit, we have nevertheless considered a nanotube, as the dimensionality greatly affects the contact resistance, and the qualitative picture emerging from the calculations should remain.
